We study the Q 2 -evolution of the form factors (FFs) for the nucleon-to-N * (1680) transition in the framework of an effective field theory. To this end, the intrinsic symmetries of the spin- 
Introduction
The resonance N * (1680) enjoys a special place in the family of nonstrange baryons.
Carrying as it does a spin-parity J P = 5 2 + , the N * (1680) is the highest-spin nucleon resonance, all three nucleon-to-resonance form factors (FFs) of which can be reliably extracted from the current experimental data [1, 2] . However, to our knowledge, in the literature there is no Lagrangian effective-field model of the N → N * (1680) electromagnetic interactions such that the N * (1680) field involves correct number of degrees of freedom (DsOF) both on-shell and off-shell.
In this letter we construct a Lagrangian of the electromagnetic NN * (1680) interactions that preserves all the symmetries of the free spin-5 2 Rarita-Schwinger (RS) field. Such interactions involve only physical DsOF of the reducible field. Using this Lagrangian we study the Q 2 -evolution of the helicity amplitudes for the transition N → N * (1680). The remainder of the paper is organized as follows. In the Section 2 we recover the Lagrangian of the free spin-5 2 RS field [3] . Here we show that it possesses symmetry properties similar to those of the spin- 3 2 RS fieldinvariance under point and gauge transformations of the field. These intrinsic symmetries of the field are linked to the constraints eliminating redundant lower-spin components of the reducible RS field. To obtain consistent interacting spin- 5 2 theory, we should require the invariance of the interaction Lagrangian under the free-field symmetries.
The γ * NN * (1680)-Lagrangian preserving the required symmetries is written down in the Section 3. Three terms of the minimally local Lagrangian turn out to be defined uniquely and involve different numbers of the field derivatives, which provides us with the classification of the FFs in terms of the differential order of the Lagrangian. Besides, we find that the Lagrangian shares much in common with the γ * N∆(1232)-Lagrangian [4] of the same symmetry in its form and properties.
In the Section 4 the helicity amplitudes of the electromagnetic NN * (1680)-transition are calculated using the constructed Lagrangian. The relations between the helicity amplitudes and the Lagrangian FFs prove to be the same as in the case of the spin- 3 2 resonance. It suggests that the symmetries considered provide us with a unified description of the interactions of the higher-spin resonances. Also in this Section the high-Q 2 behavior of the amplitudes and the FFs is considered. In the Section 5 the available experimental data is fitted using the formulas of the model developed. Finally, the Section 6 is a summary of the results of the paper. Here we also stress many similarities between the point and gauge invariant theories of the transitions N → spin- 
Internal symmetries of the spin-5 2 fields
The Lagrangian of the free symmetric Rarita-Schwinger (RS) field Ψ µν should lead to the Dirac equation for each tensor component of the field and the constraints eliminating redundant DsOF of the reducible field Ψ µν [5] ,
To obtain the constraints for the RS field with spin J 5 2 , it is always necessary to introduce auxiliary fields [6] . The most general Lagrangian for the spin-5 2 can be written as
Here Θ(x) is an auxiliary spin- 
For the real values of the free-field parameters, Im A = Im B = 0, the Lagrangian (3) was derived in Ref. [3] . Evaluating field equations for the Lagrangian (3) and operating on them by γ µ and ∂ µ give all the necessary constraints and eliminate the auxiliary field, Θ = 0. We thereby are led to the conclusion that the free RS field equations are derived from a two-parameter equivalent class of actions S ff (A, B) .
The spin- 
where α µ is a vector spinor field subjected to conditions ∂ λ α λ = 0 = γ λ α λ and γ λ ∂ λ α µ = 0 (The latter condition is unnecessary for A = 2.). Besides, the equivalent class of the Lagrangians (3) is invariant under two-parameter point transformation,
where
The point transformation (5) shifts the parameters of the free-field Lagrangian (3) from the values A 1 , B 1 to A 2 , B 2 . As in the case of the spin-3 2 RS field [7, 8] the point transformations (5) form a non-unitary symmetry group, with the multiplicative law being given by
Lagrangian of the electromagnetic NN * (1680)-interactions
The consistent interaction Lagrangian of the spin-5 2 field should involve only physical DsOF of the reducible RS field. Put in other words, the Green's function sandwiched between vertex operators should reduce to the spin-5 2 projection operator,
where J µν (1,2) are some tensor-spinor currents. The projection operator P
µνλσ (p) [6] can be written as
where the tensor spinor Γ µανβλγσδ is introduced below in Eq. (8) . The projector is γ-and p-transversal,
It can be shown that there are two classes of such interactions. The first class is the interactions invariant under the gauge transformations (4) and B-part of the point transformations (5). It is a direct generalization of the spin-3 2 interactions studied in Refs. [9, 10, 11] . Such interactions do not involve lower-spin components of the RS field only for the exceptional value of the free-field parameter A = 2 and could modify the constraints (2) making them nonlinear. Therefore, the first-class interactions break the point invariance of the equivalent class of the Lagrangians (3). The gauge-invariant interactions are described by 4-transversal traceless tensor-spinor currents,
The second class is the interactions that are invariant under both the gauge and point transformations of Eqs. (4) and (5). Such interactions are described by 4-and γ-transversal currents, ∂ µ J µν = 0 = γ µ J µν . The point and gauge invariant interaction Lagrangians is a subclass of gauge invariant ones. They are different, however, in that the point and gauge invariant interactions leave the free-field constraints (2) intact. The point and gauge invariant Lagrangians were considered in Refs. [4] and [12, 3] for the cases of electromagnetic N∆(1232)-interactions and trilinear interactions of pions and nucleons with spin- It is easy to see that the first class of interactions includes infinite number of possible interaction Lagrangians. Fortunately, the point and gauge invariant interactions of the second class imply more strict constraints on the symmetry of the Lagrangian. Preserving the simple structure of the free-field linear constraints, the point and gauge invariant interactions result in the Lagrangian that is defined unambiguously. Therefore, in what follows we will consider interactions that are both point and gauge invariant.
The most general gauge and point invariant local Lagrangian of γ * NN * (1680)-interactions is as follows,
Here capital Latin letters denote bi-indices, V µν are strength tensors of photon and vector-meson fields, and Ψ µνλσ is the gauge invariant operator which shares the properties of the Riemann-Christoffel tensor,
The 8th-rank coupling tensor spinor Γ ABCD is antisymmetric under permutations in the four pairs of its indices, Γ ABCD = −ΓĀ BCD = −Γ ABCD = −Γ ABCD = −Γ ABCD (bars denote permutation of the indices, A = µν andĀ = νµ), and symmetric under permutations of the first and last two pairs, Γ ABCD = Γ BACD = Γ ABDC . Due to the point invariance of the interaction Lagrangian, the coupling tensor spinor is γ-transversal, γ µ Γ µνBCD = 0 = Γ ABCαβ γ β . The coupling tensor spinor can be explicitly written as
Hereσ µν = 1 2 e µνηξ σ ηξ is dual to σ µν = 1 2 (γ µ γ ν − γ ν γ µ ). It should be noted that the Lagrangian (7) is defined uniquely in each given differential order. This follows from the fact that any γ-transversal coupling tensor spinors Γ µνλσ... permitted by the symmetry of the theory contain the universal 8th-rank tensor spinor Γ ABCD as a carrier of its symmetry properties,
where R, S , T are some coefficient tensors. Another attractive property offered by the point and gauge invariant Lagrangian (7) is that it has the same structure as the point and gauge invariant Lagrangian in the case of spin-3 2 RS field [4] ,
where Ψ µν = ∂ µ Ψ ν − ∂ ν Ψ µ is the field strength tensor. Comparing the Lagrangians (7) and (11) it is readily seen that they share all mathematical properties-(i) in both cases there exists the universal γ-transversal coupling tensor spinor; (ii) relations between higher-derivative couplings and the universal tensor spinor has the same structure in both Lagrangians; (iii) all three local couplings are defined uniquely and classified in terms of the differential order of the corresponding Lagrangian. Therefore, the point and gauge invariance of the Lagrangian result in the unified structure of the Lagrangians, at least in the cases of spin- 
Helicity amplitudes and form factors
The helicity amplitudes for the electroproduction of the N * (1680) resonance on the mass shell calculated using the point and gauge invariant Lagrangian (7) are
where F f = F f (Q 2 ), f = 1, 2, 3 are the point and gauge invariant FFs,
In Eqs. (12)- (14) there are two types of the Q 2 -dependent functions (except FFs themselves). The functions of the first type are square-root common factors that are universal kinematic factors present in any Lagrangian model [13] . The second type of functions is polynomials accompanying FFs. The particular form of these polynomials depends upon the choice of the Lagrangian. It is interesting to note that the polynomials in Eqs. (12)- (14) are the same as in the case of the spin- (8) is much more lengthy than the spin-3 2 one (9). The independence of the amplitudes in the spin of the resonance results from the existence of the universal γ-transversal structure (9)-any coupling in a point and gauge invariant Lagrangian is expressed through the tensor spinor (9) .
At asymptotically high Q 2 pQCD predicts the scaling behavior of the helicity amplitudes (12)- (14) to be [14] 
where ℓ = ln (Q 2 /Λ 2 ) and n 2 − n 3 ≈ 2. From Eqs. (12)- (14) and (15) it follows that the high-Q 2 behavior of the FFs is
and n 3 > n 1 . This implies that the FFs
acquire (in the asymptotic domain) the statuses of, respectively, the FF of the processes involving flips of two quark helicities, the non-helicity-flip FF, and the helicity-flip FF.
It should be noted that such high-Q 2 properties of the FFs are naturally consistent with the classification of the FFs in terms of the differential order of the interaction Lagrangian. Indeed, the first and the third terms of the Lagrangian (7) involve baryon fields of opposite chiralities and, thus, describe electroproduction with the flip of baryon helicity. The second term, contrarily, links the nucleon and resonance fields of the same chirality and, consequently, amounts to helicity-conserving interactions.
Within the vector-meson-dominance (VMD) model [15] , the FFs F f (Q 2 ) are given by dispersionlike expansions
with the poles being at the masses m k of the vector mesons listed in Tab. 1. Note that, since the ω and ρ-mesons form singlet-triplet families with near mass degeneracy in the families, we neglect singlet-triplet mass splitting and introduce averaged masses m
Besides, in Eq. (17) it is supposed that ω and ρ-mesons propagate in the nucleon medium identically, i.e.
. This is justified by the lack of the data on the neutron FFs for the transition nγ * → N * 0 (1680). To assure correct high-Q 2 behavior of the dispersionlike expansions of the FFs (17), we assume the following: (i) The Q 2 -dependence of the expansion coefficients is independent of the meson-family index k,
(ii) The interpolation Table 1 : PDG vector-meson masses (GeV) [18] . The isosinglet mesons ω(1960) and ω(2205) are listed in the section "Further states" [18] . The last column gives an averaged mass 
,l = ln 1 + Q 2 /Λ 2 , which effectively takes into account the renormalization of the strong coupling constant and the Q 2 -evolution of the parton distribution functions [16, 17] . (iii) The parameters of the meson spectrum satisfy the superconvergence relations k m 2n k κ k f (0) = 0 for f = 1, 2, 3, n = 1, 2, 3 and f = 1, 3, n = 4.
Data analysis
The dispersionlike expansions of the point and gauge invariant FFs are fitted to the experimental data on the N * (1680) electroproduction off the proton [18, 1, 2] with χ 2 /DOF = 1.05. In the fit we use K = 5 vector mesons-the minimal number of the mesons that is sufficient to saturate the superconvergence relations. The meson masses and the fit parameters are set out in the Tables 1 and 2 . The fit curves and the data points [18, 1, 2] are depicted in Fig. 1 . The figure 2 shows the FFs F f (Q 2 ) extracted from the data using the formulas for the helicity amplitudes (12)- (14) . As can be seen in these plots, the VMD model of the point and gauge invariant FFs agrees with the data well, which supports that vector-meson dominance model is applicable to the global in Q 2 description of all the nucleon electromagnetic FFs and that higher-spin intrinsic symmetries are an important element in the baryon-meson field theories of the transition FFs.
It is interesting to study explicitly the ratios of the FFs, since such quantities appear to exhibit scaling behavior starting from the momentum transfers lower than 1 GeV 2 . Such low-Q 2 scaling of the FF ratios has been seen in the cases of the nucleon elastic FFs [19] and the FFs for the transition N → ∆(1232) [4] . However, the quality and 
A 3/2 Q 2 -evolution of the FF ratios, although the hypothesis of the scaling behavior of the ratios does not contradict the experimental data. Further data should be anticipated to remedy this.
Conclusion
In this Letter we suggested a Lagrangian of electromagnetic NR-interactions involving spin-5 2 resonances. The Lagrangian preserves all the symmetries of the free spin-5 2 field and, consequently, does not modify the free-field constraints. The Lagrangian belongs to the class of consistent gauge-invariant interactions [10] , which do not excite redundant lower-spin components of the RS field. Being point-invariant as it is, the Lagrangian is specific among other possible gauge-invariant Lagrangians. (1) All three terms of the minimally local Lagrangian are defined uniquely by the symmetry and their differential order. (2) The symmetry classifies the FFs in terms of the differential oder of the corresponding Lagrangian vertex. This classification is consistent with the pQCD interpretation of the FFs in the asymptotic domain.
It should be noted that these properties are also shared by the point and gauge invariant theory of the spin- (9) and (8) (bilinear in the coupling (9)) take the same place in the Lagrangians for the spin- All these analogies allow us to expect that this pattern remains for arbitrary high spin of the resonance. In this case the point and gauge invariance result in a unified, simple, and consistent description of all γ * NR-interactions.
